Actin protrusion dynamics plays an important role in the regulation of three-dimensional (3D) cell migration. Cells form protrusions that adhere to the surrounding extracellular matrix (ECM), mechanically probe the ECM and contract in order to displace the cell body. This results in cell migration that can be directed by the mechanical anisotropy of the ECM. However, the subcellular processes that regulate protrusion dynamics in 3D cell migration are difficult to investigate experimentally and therefore not well understood. Here, we present a computational model of cell migration through a degradable viscoelastic ECM. The cell is modeled as an active deformable object that captures the viscoelastic behavior of the actin cortex and the subcellular processes underlying 3D cell migration. The ECM is regarded as a viscoelastic material, with or without anisotropy due to fibrillar strain stiffening, and modeled by means of the meshless Lagrangian smoothed particle hydrodynamics (SPH) method. ECM degradation is captured by local fluidization of the material and permits cell migration through the ECM. We demonstrate that changes in ECM stiffness and cell strength affect cell migration and are accompanied by changes in number, lifetime and length of protrusions. Interestingly, directly changing the total protrusion number or the average lifetime or length of protrusions does not affect cell migration. A stochastic variability in protrusion lifetime proves to be enough to explain differences in cell migration velocity. Force-dependent adhesion disassembly does not result in faster migration, but can make migration more efficient. We also demonstrate that when a number of simultaneous protrusions is enforced, the optimal number of simultaneous protrusions is one or two, depending on ECM anisotropy. Together, the model provides non-trivial new insights in the role of protrusions in 3D cell migration and can be a valuable contribution to increase the understanding of 3D cell migration mechanics.
Cell migration model overview. (A) Overview of the model of cell migration through a degradable viscoelastic matrix. The cell forms protrusions at the cell front that degrade the ECM particles and adhere to the ECM. The cell polarization direction rotates towards existing adhesion directions and defines the cell front (light blue particles) and rear (dark blue particles). Viscoelastic ECM particles (white) are degraded gradually by fluidization from partially degraded particles (grey) to fully degraded ECM particles (black). The ECM is modeled as a continuous material by using a smoothing kernel. (B) Schematic overview of the mechanical representation of the actin cortex. The following forces are indicated: cortex elastic force F s , cortex viscous force F η , cortex bending force F bend , area conservation force F A , cortex-ECM elastic contact force F σ , protrusion force F prot , adhesion force F adh , actomyosin contractile force F am and maturation force F mat (see also Eq 1) .
The ECM is regarded as a 2D continuous viscoelastic material that represents 117 nanoporous non-fibrillar hydrogels such as polysaccharide based gels (agarose, alginate) 118 or synthetic gels (polyethylene glycol (PEG)). A 2D planar cross section is considered in 119 order to reduce computational cost and complexity. Strain stiffening of the material is 120 added in some simulations to model the nonlinear and anisotropic mechanical behavior 121 of fibrillar hydrogels like collagen gels. The ECM is modeled by means of the meshless 122 Lagrangian SPH method. In this method, a continuous material is discretized into [29] exponential strain stiffening constant ds 0.033 [29] 1 Parameters are fitted to mimic protrusion, adhesion and contraction dynamics observed in experiments.
2 Parameters are selected based on the cell and ECM resolution.
viscoelastic behavior of the actin cortex underlying the cell membrane. As cells migrate 135 in a low Reynolds number environment, inertial forces can be neglected. Therefore, the 136 July 5, 2019 8/38
conservation of momentum equation for a boundary particle i of the cell reads:
with on the left-hand side the velocity-dependent terms (drag forces) and on the 138 right-hand side all the forces that work on the cell boundary (see Fig 1B) . The passive 139 cell mechanics is modeled with an actin cortex elastic spring force F s , a cortex bending 140 rigidity force F bend , a cell area conservation force F A and a repulsive Hertz-like force 141 F rep . In order to allow the formation of long and sharp protrusions, cortex bending 142 rigidity (F bend ) and cell area conservation (F A ) are assumed to be weak and applied 143 only to prevent membrane folding and cell shrinking. The repulsive force (F rep ) is 144 applied to cell particles that approach a line segment in order to prevent the cell 145 boundary from penetrating itself. A more detailed description of the cell model 146 mechanics can be found in S1 Text. The cell is embedded in the ECM and has physical 147 interaction with solid particles of the ECM, which is captured by F σ . The remaining 148 forces capture membrane protrusion by actin polymerization (F prot ), cell-ECM 149 adhesion (F adh ), actomyosin contraction (F am ) and mechanosensing-regulated 150 protrusion maturation (F mat ). These processes are described in more detail in the 151 following sections.
152
The left-hand side describes dissipation of the actin cortex, with the actin cortex 153 friction η c , the velocity v and the normal unit vector from particle j to iê ij , for 154 connected cell boundary particles j (the notation v ij = v i − v j will be used for all 155 vectors later on), viscous cell-ECM forces for contact with neighboring ECM particles k 156 (see S2 Text) and a drag force γ liquid v i due to interaction with the culture medium. Fig 1A) , with r the distance 167 to a neighboring particle and h the smoothing length, is used to approximate these 168 properties and to implement the laws of fluid and solid mechanics in a discrete manner. 169
Again, as cellular processes (µm-scale) occur at a low Reynolds number, viscous forces 170 will dominate over inertial forces leading to an overdamped system. Therefore, inertial 171 forces can be omitted from the conservation of momentum equation, resulting in the 172 non-inertial SPH (NSPH) method. As described before [20, 31] , the conservation of 173 momentum for ECM particle i in contact with neighboring particles j becomes:
with m the mass, ρ the density, µ the dynamic viscosity, v the velocity, x the position, 175 σ the stress tensor, ∇ i W ij the derivative of the smoothing kernel W , η = 0.01h 2 a 176 correction factor that prevents singularity when particles approach each other and F b i 177 body forces. The detailed implementation of this method as described before [20, 31] is 178 summarized in S2 Text. The ECM is modeled as a circular domain with a radius of 179 150 µm, fixed displacement at the boundary and a particle distance dp = 2 µm. force F fib i applied on particle i from springs connected to neighboring particles j is:
with S the set of solid ECM particles (see S3 Text), x 0 the initial particle position, 197 k fib,ij a strain-dependent spring stiffness and w ij a factor that weighs the contribution 198 of each spring based on the particle distance and local kernel support:
The spring stiffness k fib,ij depends on the strain ij between particles i and j as 200 described in [29] , but with ignoring fiber buckling:
with the strain, k 0 the linear stiffness, s the strain threshold for the onset of strain are shown in Fig 2C) together with the results obtained in [29] . It can be seen that the stress-strain curves obtained for our model agree very well 212 with those obtained in [29] , which indicates that our model is able to capture strain 213 stiffening caused by collagen fibers.
214 Next, the model described above is adapted in order to model an anisotropic 215 collagen gel with a preferred fiber direction. Strain stiffening springs are placed only 216 between particles for which the angle between a prescribed fiber direction and a vector 217 connecting these two particles is equal to or lower than 30 • (see Fig 2B) . As this (section Protrusion maturation). After maturation, the protrusion contracts with a force 234 that is scaled by the amount of maturation and thereby displaces the cell body in the 235 adhesion direction (section Actomyosin contraction). In order to migrate the cell needs 236 to locally degrade the ECM (section ECM degradation). Finally, the adhesion 237 disassembles with a force-dependent probability, after which the protrusion retracts and 238 the cortex is available again to form new protrusions (section Adhesion disassembly).
239
Competition between protrusions, due to differences in the amount of maturation 240 between protrusions, can then result in migration regulated by ECM properties.
241

Protrusion initiation and cell polarization 242
Cell boundary particles can be selected to initiate the formation of a protrusion with a 243 chosen rate r prot , resulting in an exponential probability distribution of protrusion 244 initiation. As soon as the first protrusion is initiated, the cell is polarized, with 245 polarization direction d pol (see Fig 1A) equal to the protrusion growth direction d prot
246
(the direction from the cell center of mass to the selected protrusion particle at 247 protrusion initiation). This polarization direction is used to define a front, consisting of 248 the first 50% of cell particles along the polarization direction, and a rear of the cell.
249
Protrusions can be initialized only at the front of the cell. As adhesions have been 250 reported to appear as a trademark of polarization [32] , d pol targets and rotates towards 251 the average direction of mature focal adhesions, seen from the center of mass of the cell, 252 with a chosen polarization rate r pol (see S1 Figure) . After reaching this target direction, 253 d adh remains unchanged until the average adhesion direction is altered again.
254
Protrusion growth and cell-ECM adhesion 255 Protrusions form by local weakening of the actin cortex and actin polymerization 256 underneath the membrane that pushes the membrane outwards. A protrusion consists 257 of the selected cell particle and the first 20 particles along both directions of the cell 258 boundary (see Fig 3A) . This number of particles is chosen to allow the formation of allowed to form only if none of these particles is already part of another protrusion. The 262 stiffness of elastic springs between the protrusion particles is decreased by three orders 263
July 5, 2019 13/38 of magnitude to account for actin cortex weakening [24] . A protrusion force F prot , 264 caused by polymerizing actin pushing against the membrane, is applied in the 265 protrusion growth direction to the central 7 particles of the protrusion. This results in a 266 velocity of protrusion growth similar to the ∼1.5 -5 µm/min reported for cells 267 embedded in collagen [23, 24] . Actin is assumed to polymerize in the protrusion growth 268 direction. Therefore, the protrusion force on a particle is reduced when the angle 269 between the local normal vector to the cell boundaryn and the protrusion growth 270 direction increases, resulting in a thin and sharp protrusion (see Fig 3B) . During maturation the contractile force is increased every time the adhesion is stretched above a threshold length. As the threshold is reached more frequent on a stiff ECM (red) compared to a soft ECM (blue), a protrusion generates more force in a stiffer ECM.
In order for the cell to form protrusions and migrate through a continuous ECM, the 272 ECM has to be degraded. This is modeled by fluidization of ECM particles, which is 273 captured by a degradation factor f degr that has a value between 1 (intact solid ECM) 274 and 0 (fully degraded ECM) as introduced before in [20] . ECM particles close to the 275 protrusion tip or the cell body can be degraded with a chosen degradation rate.
276
Contrary to the solid ECM particles, the degraded ECM is not assumed to act as a formulation and cell-ECM boundary conditions, which is described in S3 Text. ECM 284 particles within a distance of 2.4 µm (1.2 times the ECM particle distance dp) from the 285 protrusion force particles are degraded with a chosen degradation rate r degr,tip , which 286 July 5, 2019 14/38
creates space in the ECM for the protrusion to grow.
287
When a protrusion encounters ECM while growing, it should be easier for a 288 protrusion to grow in the direction of least resistance by deflecting away from the ECM. 289 This is accounted for by rotating the protrusion growth direction towards the degraded 290 ECM as described in S4 Text. The protrusion force is applied for T prot = 400 s, 291 resulting in a protrusion length of 25 -30 µm which falls within the range of protrusion 292 lengths of 10 -78 µm reported in literature [23, 24] . After protrusion growth a cell-ECM 293 adhesion is formed at the protrusion tip. The adhesion is modeled as a spring that 294 connects the protrusion tip with a point in the ECM 5 µm from the protrusion tip in 295 the protrusion growth direction (see Fig 3C) . The smoothing kernel is used to distribute 296 the adhesion force over the neighboring ECM particles and to calculate the 297 displacement of the adhesion point as the ECM deforms. By using a distribution of the 298 adhesion rather than adhering to a single ECM particle the adhesion can bind to an 299 arbitrary point in the continuous ECM and numerical instability due to application of a 300 large force to a single ECM particle is prevented.
301
Protrusion maturation 302
Cells are able to adjust their contractile force to the local ECM properties by a process 303 called mechanosensing. Here, after the protrusion has formed and adhered to the ECM, 304 the protrusion and adhesion mature according to the mechanosensing mechanism 305 described by Wolfenson et al. [8] . An actomyosin contractile force F mat , with 306 magnitude equal to a reference actomyosin contractile force F am multiplied by a 307 maturation factor f mat initially set to 0.1 (with maximal contraction if f mat = 1.0), is 308 applied to the adhesion boundary particle in the direction opposite to the protrusion 309 growth direction and stretches both the adhesion and the ECM (see Fig 3D) . For a 310 period of 600 s, f mat is increased with 0.1 every time the adhesion is stretched above a 311 threshold length, equivalent to 98% of the applied force step of 0.1 times F am (see 312 Fig 3F) . In this way, actomyosin is reinforced when actomyosin contraction and 313 adhesion stretching are balanced. This balance is reached faster for a stiff ECM, 314 because a stiff ECM has to be displaced less by the application of F mat . Therefore, this 315 mechanism results in more actomyosin reinforcement (higher f mat ) for a time period of 316 600 s and thus stronger protrusions in stiff ECMs. It is assumed that during the cortex under the protrusion membrane. As the actin cortex is assumed to be restored in 328 an unstretched state, the rest length of springs between the protrusion particles is set to 329 the new distance between the protrusion particles after protrusion formation. Finally, 330 the contractile force F mat is removed from the adhesion boundary particle and replaced 331 by contraction of the actin cortex of the entire protrusion, which allows the protrusion 332 to displace the cell body (see Fig 3F) . assumed to occur only in the actin cortex [24] . Actomyosin contraction is applied to 338 both the cell body (f mat = 0.05) and mature protrusions and is the main driver of cell 339 displacement. A contractile force F am is applied to the two particles connected by each 340 line segment, with magnitude equal to F am times the lowest f mat of both particles.
341
Therefore, the contractile force on particle i applied by the neighboring particles j is:
with f curv a cortex curvature factor. Elliott et al. demonstrated that myosin II in 343 endothelial cells associates stronger to the actin cortex at regions of low cortex 344 curvature [26] . Myosin II contractility at these regions acts to maintain this minimal curvature, thereby functioning as a positive feedback mechanism that regulates cell shape and protrusion assembly and disassembly. In order to capture this 347 curvature-dependent contraction, the contractile force is scaled by a curvature factor 348 f curv which has a value between 0 and 1 based on the local cortex curvature κ. The 349 dependence of f curv on the local curvature is based on experimental data provided by 350 Elliott et al. as explained in S5 Text [26] . In order to allow contraction of protrusions 351 and prevent that the cell boundary keeps growing as more protrusions are formed, the 352 rest length of the elastic actin cortex springs is reduced as the boundary contracts. For 353 all line segments not part of a growing or maturing protrusion, the rest length is set to 354 the current distance between the boundary particles if this distance is smaller than the 355 current rest length and longer or equal to the initial rest length. does not take place at the protrusion tip, but rather at the cell body where sterically 361 impeding fibers are targeted [27, 28] . Therefore, solid ECM particles within 1.9 µm 362 (slightly shorter than the ECM particle distance of 2 µm) from the cell boundary that is 363 at almost complete loss of cellular tension [25] . On the other hand the adhesion is 374 assumed to rupture at high load. The force-dependent adhesion disassembly rate, scaled 375
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by the maturation factor, is implemented as:
with r off,min a minimal disassembly rate at normal contractile load, r off,0 an increase in 377 disassembly rate at zero load, f rupt a parameter that defines how much force the 378 adhesion can carry with respect to its own contractile strength before mechanical 379 rupture and ζ diss a parameter that regulates the increase in disassembly rate for low 380 adhesion force (see Fig 4A) . Adhesion rupture is implemented with a large disassemble 381 rate of 1×10 6 . The force-dependent adhesion disassembly rate results in an average 382 lifetime τ adh = 1 r off (see Fig 4B) and an exponential lifetime probability density 383 function: 
Model implementation 391
All simulations in this manuscript are performed using the C++ particle-based software 392
called Mpacts (http://dem-research-group.com). The time step, which appears to be 393 limited by the stiff adhesion spring (required for accurate ECM probing in the number of protrusions and protrusion lifetime (see S2 Figure) . As the ECM stiffness increases, protrusions mature more (i.e. reach a higher f mat ) and become stronger. A 425 stronger contraction of the protrusion actin cortex leads to faster pulling of the cell 426 body towards the adhesion and therefore earlier relaxation of the cortex when it reaches 427 its minimal length. This means that the force on the adhesion is reduced faster, which 428 increases the adhesion disassembly rate and thereby decreases the average protrusion and average protrusion lifetime (see Fig 7) , although the protrusion maturation still contractile force of both the protrusions and the cell body (see Eq 6 ). An increase in 452 cell strength results in similar effects as seen for an increase in ECM stiffness (see Fig 7) . 453
Again, a significant increase in average absolute migration velocity and total number of 454 protrusions for the range of protrusion initiation rate values (see Fig 7) . However, the 469 average absolute migration velocity is not affected by the protrusion initiation rate (see 470 Fig 7) . Moreover, no significant correlation is observed between absolute migration velocity and total number of protrusions (see S2 Figure) . The reason for this is that the 472 increase in protrusion number results in an increase in time during which multiple 473 protrusions are competing with and stabilize each other. This can be seen from the fact 474 that the protrusion lifetime is unaffected by or even slightly increased with an increase 475 in total number of protrusions (no significant correlation). An increase in protrusion 476 strength in the previous simulation sets resulted in a larger number of protrusions 477 because protrusions shortened faster by pulling the cell body in the adhesion direction. 478
Therefore, these protrusions lived shorter as the adhesion force decreased faster, which 479 thus resulted in more effective migration.
480
Second, the average protrusion lifetime is varied by changing the adhesion 481 disassembly rate at normal load r off,min ranging from 1.85×10 -4 s -1 to 16.67×10 -4 s -1 .
482
These values are selected such that the expected average lifetimes at normal load in the 483 different simulations are 10, 20, 40, 60 and 90 minutes. It can be observed that the 484 average protrusion lifetime decreases with an increase in r off,min . As a result, the 485 average total number of protrusions during 6 hours of cell migration increases. However, 486
as was seen for protrusion initiation rate, the average absolute migration velocity is not 487 affected by the adhesion disassembly rate at normal force (see Fig 7) and there is no 488 significant correlation between absolute migration velocity and average protrusion 489 lifetime (see S2 Figure) . The reason for this is that a reduction in protrusion lifetime results in an increase in average protrusion length (see Fig 7) . The protrusion length affect the average absolute migration velocity (see Fig 7 and S2 Figure) . It can be seen 504 that an increase in protrusion length is accompanied by a slight decrease in average 505 total number of protrusions and a slight increase in the average protrusion lifetime (see 506 S2 Figure) . This can be explained by the fact that for a longer protrusion it takes more 507 time to form the protrusion and pull the cell body in the adhesion direction. So an 508 increase in protrusion length can result in more cell body displacement per protrusion, 509 but due to the lower total number of protrusions the cell does not migrate further.
510
Besides, the increase in protrusion lifetime also increases the time during which multiple 511 protrusions compete with and stabilize each other, which can also slow down migration. 512
The results described above illustrate that ECM stiffness and cell strength are adhesion disassembly (f adh,rel ), which is calculated as the adhesion force at disassembly 526 divided by the contractile force after maturation:
This ratio is an indirect indicator of protrusion efficiency, which is the amount of cell 528 body displacement per protrusion, as its value decreases only when the protrusion 529 shortens and the cell body is pulled towards the adhesion. An increase in ECM stiffness 530 results in a higher percentage of adhesions that disassemble at low f adh,rel and thus 531 more protrusions have pulled the cell in the adhesion direction by the time their adhesion disassembles, therefore making them more effective (see Fig 8A, left) . r off is implemented with a low rate for high adhesion force and a high rate for low 534 adhesion force (See Fig 4A) . In this way adhesions of protrusions that start contracting 535 are less likely to disassemble than adhesions of protrusions that have already shortened 536 and pulled the cell body towards the adhesion. In order to investigate the effect of this 537 force-dependent disassembly rate two additional simulation sets are performed. In a 538 first set ζ diss , the parameter that regulates the range of forces at which adhesions are 539 stabilized (see Eq 7) , is increased to 8×10 4 to increase this stabilization range (see 540 Fig 4) . It can be seen in Fig 8A (center) protrusions that disassemble at f adh,rel <0.4 is reduced for cells in a low stiffness ECM 554 (see Fig 8A, right) and thus a lower percentage of protrusions effectively displace the 555 cell body. For high ECM stiffness the number of protrusions that disassemble at 556 f adh,rel <0.2 is increased, which means that these protrusions have pulled the cell body 557
July 5, 2019 24/38 in the adhesion direction. However, since the adhesion disassembly rate does not 558 increase after the adhesion force has decreased, some of these protrusions might also 559 exist for too long as their adhesions do not disassemble directly after pulling the cell 560 body in the adhesion direction. When both simulations with ζ diss = 2×10 4 and 561 ζ diss = 8×10 4 are compared to simulations with force-independent adhesion disassembly 562 rate no significant differences in average absolute migration velocity are observed for all 563 ECM stiffnesses (see Fig 8C and Fig 8D) . However, for ζ diss = 2×10 4 the average total 564 number of protrusions is lower and the average protrusion lifetime is higher for 50 and 565
100 Pa ECM stiffness, while the inverse is observed for 300 Pa ECM stiffness. For would not be able to move, and not more than two, above which cells would not be able 585
to move persistently as protrusions would pull in too many directions simultaneously. In 586 order to test if an optimal number of protrusions exists for effective cell migration, is lower than the prescribed number of protrusions n prot . Cell particles at the rear can 591 be selected in order to permit formation of 3 or 4 protrusions. However, they are 592 selected with a 100 times lower rate than particles at the front in order to preserve cell 593 polarity. In order to prevent excessive cell area growth, protrusions can be initiated only 594
if the cell area is smaller than or equal to twice the initial cell area. Besides, the 595 protrusion force is scaled by the current cell area A cell over the initial cell area A 0,cell , 596 mimicking the reduction in available actin when the cell increases in size: with 4 protrusion is close to 1, which represents a random walk, while the higher slope 619
for cells with less protrusions indicates that they follow a straighter path. Compared to migration in a homogeneous viscoelastic ECM, the average total number 636 of protrusions in 6 hours for cells with one protrusion has dropped from 9.9 to 5.6. This 637 happens because protrusions that try to protrude in a direction that is not aligned with 638 the fiber (spring) direction sense a very weak ECM and do not mature much. As a 639 result these protrusions are weaker and take longer to shorten and pull the cell body towards the corresponding adhesion. Therefore, it takes longer for the adhesion force to 641 decrease and for the adhesion disassembly rate to increase, which explains the higher 642 average protrusion lifetime. Cells with multiple protrusions are more likely to form at 643 least one protrusion in the fiber direction that will mature more and become stronger, 644
allowing it to rupture the adhesions of neighboring weaker and thus slower contracting 645
protrusions. This results in a more efficient way of migration in which strong activity and that local depletion of myosin II precedes branch formation [24] . They also 711 showed that this regulation of branch formation by myosin II contraction results in surface [26] . They hypothesized that this could favor the formation of protrusions along 715 the elongation direction of a cell over protrusions oriented perpendicular to the 716 elongation direction, thereby increasing persistence of migration direction. Cells are also 717 known to use filopodia to sense local chemical and mechanical cues, which allows them 718 to regulate the formation of protrusions and direct cell migration [33] . Although protrusion initiation in our model is not regulated by local myosin II contraction, ECM 720 stiffness or chemical cues, the formation of an excessive number of protrusions is 721 prevented by allowing protrusions to form only at the front of the cell. In most 722 simulations this limits the number of protrusions that can exist at the same time to 3 723 protrusions. When the cell was allowed to form protrusions also at the rear in order to 724 obtain 4 simultaneous protrusions, the migration velocity decreased and migration was 725 less directed. This shows that the formation of an excessive number of protrusions 726 hinders cell migration because the protrusions pull in opposing directions, which is 727 prevented by allowing protrusion to form only at the cell front.
728
Next, cells are known to use the local ECM fiber orientation to guide protrusion 729 growth and therefore enhance migration efficiency by increasing directional 730 persistence [34] [35] [36] . The model presented here did not implement contact guidance by 731 fibers as protrusion growth was not made dependent on collagen fiber direction (which 732 was captured by springs between ECM particles). Although such implementation might 733 result in even more directed cell migration, the results here indicate that contact 734 guidance is not necessary for a cell in order to follow a preferred collagen fiber direction. 735
Competition between multiple protrusions that probe the stiffness of the local ECM in 736 multiple directions and, through actomyosin contraction, rupture the adhesions of weak 737 protrusions (namely those protrusions that form in softer ECM directions) is enough to 738 explain directed cell migration. 739 Ehrbar et al. showed that 3D cell migration in a PEG hydrogel is reduced by an 740 increase in gel stiffness [37] , which is opposite to our observation that cell migration 741 increases with ECM stiffness. An explanation for this is that an increase in PEG gel 742 stiffness is accompanied by an increase in cross-linking density which hinders cell 743 migration. In order to migrate through a densely cross-linked gel more ECM 744 degradation is required. In our model ECM degradation in front of a growing protrusion 745 is fast in order to allow protrusions to form. Degradation of ECM particles close to the 746 cell body is slower, but still quick compared to a real hydrogel, as slow or no 747 degradation occasionally resulted in numerical instabilities when a solid ECM particle 748 was pushed through the cell boundary. Therefore, the cell model experiences less stiffness (due to the mechanotransduction mechanism depicted in Fig 3F) . Mason et al. 752 developed a method to tune the stiffness of a collagen scaffold without changing the 753 collagen density and observed an increase in endothelial cell spreading and outgrowth 754 with an increase in collagen stiffness, which is in agreement with our observations [38] . 755
The 
